The perturbation of the current transport in aluminum tris͑8-hydroxyquinoline͒ ͑Alq 3 ͒-based organic light emitting diodes has been investigated as a function of magnetic field. The change in current, or organic magnetoresistance, with applied field has been fitted using two Lorentzian functions corresponding to polaron trapping by triplets and the interaction between polarons and triplets as suggested in the triplet polaron interaction model. The model has been applied to a number of devices with Alq 3 thicknesses from 50 to 90 nm and with two different cathodes. In all cases the data could be fitted using just these two processes, the prefactors for which were found to scale linearly with the triplet population over 6 orders of magnitude. This work demonstrates that the magnitude and shape of the organic magnetoresistance can be predicted and illustrates the importance of magnetic field measurements as a tool for understanding the processes affecting current transport in organic devices. 4 observed that the application of a magnetic field could also perturb the photoconductivity in organic devices and they then showed that for organic light emitting diodes ͑OLEDs͒, the application of a weak magnetic field could substantially alter the current in the device as well as its light output 5 and hence its efficiency. Since then the study of these phenomena has increased dramatically 6-36 but there is still no consensus as to the mechanism responsible and there has been little work aimed at successfully predicting the trends observed in the magnetic field effects as the operating conditions of the devices are changed. This is an essential prerequisite for developing a successful model for organic magnetoresistance ͑OMR͒.
There has been an increasing interest in the effects of magnetic fields on the current transport and efficiency in organic devices. It has been known since the 1960s that magnetic fields can influence a number of excitonic processes in organic materials, such as triplet quenching, 1 triplet-triplet annihilation, 2 and intersystem crossing ͑ISC͒. 3 In 2003 Kalinowski et al. 4 observed that the application of a magnetic field could also perturb the photoconductivity in organic devices and they then showed that for organic light emitting diodes ͑OLEDs͒, the application of a weak magnetic field could substantially alter the current in the device as well as its light output 5 and hence its efficiency. Since then the study of these phenomena has increased dramatically but there is still no consensus as to the mechanism responsible and there has been little work aimed at successfully predicting the trends observed in the magnetic field effects as the operating conditions of the devices are changed. This is an essential prerequisite for developing a successful model for organic magnetoresistance ͑OMR͒.
Although there is a proposed model for OMR in unipolar structures, 34 the majority of the current models are primarily based on the effect of magnetic fields on excitons or the pair states prior to exciton formation. 4, [12] [13] [14] This is because the majority of experiments suggest that OMR can only be seen in devices above turn-on, i.e., with an applied voltage above the built in potential of the device. The exception to this is for devices that contain a poly͑3,4-ethylenedioxythiophene͒ poly͑styrenesulfonate͒ hole transport layer. 9, 21 The model for OMR that we have proposed in our previous work is based on the effect of excitons ͑primarily the long-lived triplets͒ on charge transport.
14 This triplet polaron interaction ͑TPI͒ model suggests that triplets can act to reduce the mobility through two mechanisms. The first is through simple trapping and spin blocking. Agranovich et al. 37 have demonstrated theoretically that excitons should act as shallow traps for polarons, either through Frenkel-type trapping where the exciton and polaron are on adjacent molecules or through the formation of charged excitons. If a polaron has the same spin state as the corresponding charge carrier on the triplet then the site is spin blocked and only the Frenkel exciton can be formed. This will still affect the mobility of the polaron and this reduction in mobility in the presence of excitons has recently been demonstrated in the polymer system poly-͑3-hexylthiophene͒ 38 and in the small molecule system N , NЈ-diphenyl-N , NЈ-bis͑3-methylphenyl͒-͑1,1Ј-biphenyl͒-4,4Ј-diamine ͑TPD͒. 39 The second mechanism is that if the spins are opposite, the polaron and triplet can interact to form a charged exciton. Then the triplet acts as a trap for the polaron, much as in the first case, but in addition there are different spin-dependent reactions that can occur which can result in quenching of the triplet.
1 These reactions will also have a magnetic field dependence that should distinguish them from the simple trapping mechanism.
As the triplet population can affect mobility through both trapping and the triplet-polaron interaction, the current in the sample would be expected to show a dependence on magnetic field ͑due to the field-dependent ISC at either the pairstate or excitonic level 3, 14, 40 ͒, and this would be expected to scale with the absolute triplet concentration. Not only would the magnitude of the process be expected to scale with the triplet population but the magnetic field dependence of the trapping component should mirror any change in the triplet population. It is worth noting that the increase in current attributed to the trapping component should also have the same saturation field as the change in efficiency. Perhaps more interestingly, the magnitude of both mechanisms should scale with absolute exciton concentration. In this paper, we show that this is indeed the case.
OLED devices consisted of a patterned indium-tin-oxide ͑ITO͒ coated glass substrate on to which was grown a 50 nm layer of TPD as the hole transport layer, followed by a 50, 70, or 90-nm-thick layer of aluminum tris͑8-hydroxyquinoline͒ ͑Alq 3 ͒ as an electron transport/emissive layer and a LiF ͑1 nm͒/Al ͑100 nm͒ or Al ͑100 nm͒ cathode. All organic materials were purified by vacuum sublimation prior to use. Final device areas were ϳ4 mm 2 . The ITO substrates were patterned using photolithography and cleaned by ultrasonicating in detergent/water, acetone and chloroform. Following this the ITO was treated in an oxygen plasma for 5 min at 30 W and 2.5 mbar pressure using a Diener Electronic Femto plasma system. The plasma treated substrate was immediately transferred to the deposition chamber for device fabrication. The deposition of the organic layers and metal electrodes were performed using a Kurt J. Lesker SPECTROS evaporation system with a base pressure during evaporation of ϳ10 −7 mbar. The rate of deposition of organic materials was about 0.2 nm/s while that of the aluminum was varied from ϳ0.1 to 1 nm/s. A calibrated oscillating quartz-crystal monitor was used to determine the rate and thickness of the deposited layer. The whole device fabrication was performed without breaking vacuum.
Immediately after growth the devices were placed in a light-tight sample holder with a calibrated silicon photodetector ͑Newport 818-SL͒, whose output is field independent, placed on the top surface of the device. The sample holder was placed between the poles of an electromagnet with the magnetic field perpendicular to the direction of current flow in the device. 32 independent measurements were taken and then averaged with the device operated in vacuum and in constant voltage mode. Before and after each field measurement, a measurement at null field was taken and used to remove any effects due to drifting in the device characteristics. The measurements were performed using a Keithley 236 source-measure unit and Newport 1830 optical power meter. Figure 1͑a͒ shows the OMR curves ͑plotted as the absolute change in current͒ for a 50 nm Alq 3 device as a function of drive voltage. Below 2.4 V there was no OMR, which is the voltage at which light output can be observed. This is the same as we have observed in all our previous work 14 and strongly suggests an excitonic cause behind the OMR. At 2.4 V the OMR has an approximately Lorentzian shape of the form f͑B͒ϳB 2 / ͑B 2 + B 0 2 ͒, where B is the applied magnetic field and a saturation field of B 0 ϳ 6 mT, which was first noticed by Mermer et al. 9 The Lorentzian line shape has been shown to be a solution to the Hamiltonians for both hyperfine 10 and spin-orbit 19 interactions, and as such may be a generic expression for a spin interaction in the presence of a magnetic field in these systems. Although Mermer also used an empirical equation B 2 / ͉͑B͉ + B 0 ͒ 2 in his work, which gives an excellent fit to our data at voltages just above turn on, we found that for all other voltages, regardless of device thickness or cathode composition, this empirical equation was a poor fit to the data. This empirical equation has been shown to have an analytical origin in the bipolaron model of OMR. 41 As we have already suggested, there are two independent processes occurring in the OMR, 14 simple trapping at excitons and TPIs. We have therefore tried to fit our data using two Lorentzian functions with different saturation fields ͑shown by the lines in Fig. 1͒ . The low-saturation field component in the OMR is due to the simple trapping of charges at excitons predicted by Agranovich et al. 37 and the higher field process is the triplet polaron interaction process observed by Ern and Merrifield 1 in anthracene. The simple trapping ͑low-field͒ component should mirror the change in concentration of triplets caused by ISC at either the excitonic or pair-state level. It is this process that is responsible for the change in efficiency observed in these devices and hence this component should show the same magnetic field dependence as the efficiency. The magnetic field effect on the efficiency for the three devices is shown in Fig. 2 . The fits to this data are single Lorentzian with an average B 0 value of 5.5 mT. The higher field component is due to the interaction of triplets with polarons and the only data for the magnetic field dependence of this is the change in triplet lifetime with magnetic field observed by Ern and Merrifield 1 in anthracene. Ern and Merrifield's data are replotted in Fig. 3 and the solid lines are again a single Lorentzian fit. For anthrancene the B 0 value for this triplet polaron interaction was found to be ϳ70 mT, which is a much larger field scale than that for ISC component. To fit all the data from this device as a function of operating voltage we have therefore used this combination of two Lorentzians for the exciton trapping and interaction components to fit our OMR data. Initially we performed free fits to the data, producing excellent fits to the low-and high-field components. The low component had an average value of 5.6Ϯ 1.6 mT, which is very similar to the value obtained from a single lorentzian fit to the efficiency data. For the high-field component, we found that it saturated at ϳ160Ϯ 20 mT at higher operating voltages, where the process becomes dominant. Since there are only two processes operating, which are fundamental to the properties of Alq 3 , we fitted all of the data with constrained values. The final function used for the fit was therefore,
where B is the applied magnetic field, a t an a i are the prefactors for the Lorentzians, and B t and B i are the saturation fields, the subscripts t and i stand for trapping and interaction, respectively. The constraints used in the fit were a t Ͼ 0, 5 Ͻ B t Ͻ 7 mT, a i Ͼ 0, and B i = 160 mT. A selection of the OMR data and the resultant fits are shown in Fig. 1 and the data and fits for all devices at all voltages ͑ϳ50 data sets͒ can be found in the supplementary material. 42 As can be seen, the quality of the fits is excellent in all cases.
In Figs. 1͑b͒ and 1͑c͒ the data and fits, using the same constraints, are also shown for 70 and 90 nm Alq 3 devices. From all of the data measured, which includes over 50 OMR curves measured over a wide range of operating voltages, currents, and material thicknesses, the results can be fitted using just two processes, the exciton trapping and TPI terms. For all data in all devices, the saturation fields for the two processes were constrained and the only fitting parameters were the prefactors for the two Lorentzians.
These results clearly demonstrate that over a range of device thicknesses and operating voltages the OMR data can be described by considering the magnetic field dependence of the singlet-triplet ISC rate, which modifies the triplet concentration, and the TPI. Although we refer here to ISC the exchange between singlets and triplets can occur at both the exciton and pair-state level. 40 The effect of the magnetic field on the ISC rate has two effects, first it is responsible for the changes in device efficiency that we have previously reported in a number of devices, [14] [15] [16] second by changing the concentration of triplets it can affect the magnitude of the polaron trapping and hence affect the mobility. 39 Given that the change in mobility, and hence the current through the device, caused by either of these processes should be dependent on the triplet concentration, we have plotted in Fig. 4 the prefactors for the two Lorentzians against the luminescence intensity from the devices. The luminescence intensity is a direct measure of the singlet concentration, also shown in Fig. 4 , and will be directly proportional to the triplet concentration in our devices. From Fig. 4 it can be seen that for all device thicknesses the magnitude of the two components scale linearly with exciton concentration. As the magnitude of the prefactors for the two OMR processes depend on the exciton concentration, and hence are proportional to the light output, devices with different efficiencies should give identical results. We therefore performed the same analysis on a 50 nm Alq 3 device with an aluminum only cathode, rather than the LiF/Al cathode normally used. These devices have an efficiency approximately an order of magnitude lower and yet, as can be seen from Fig. 4 , there is excellent agreement between all the data. This is irrespective of device thickness or cathode used. It is worth noting that for the aluminum cathode only device the OMR curves are reasonably well fitted with the empirical non-Lorentzian curves although the curves are much better described by the dual Lorentzian fit ͑Fig. 5͒. We have seen that for all our devices the more efficient they are the greater the magnitude of the TPI component that is present in the OMR curves. This suggests that the empirical non-Lorentzian fit may just be an approximation to a two Lorentzian process when the magnitude of the high-field component is small.
Although the bipolaron model, in its original form, 34 does not explain the change in shape of the OMR with operating conditions, it would predict an effect that scales with current density rather than exciton concentration. As the light output from our devices is a linear function of the current density, the data for the Al only cathode device which has a much lower efficiency provides a good comparative test of the two models. Under the bipolaron model the magnitude of any process responsible for the OMR would be expected to scale with current rather than exciton concentration. This is shown in Fig. 6 . For the trapping component of our fit, the Al only data are consistently lower than that for the LiF/Al cathode data but this difference is relatively small. For the Al only cathode the magnitude of the interaction component data is an order of magnitude lower than for the LiF/Al cathode data. This reduction strongly suggests that the bipolaron model is not responsible for OMR. However, there is a good correlation between exciton concentration and the magnitude of both the TPI and trapping components for all device thicknesses and materials ͑Fig. 4͒. This is strong evidence that the effects are dependent on an excitonic model, such as the TPI and trapping models discussed above. We note that none of the alternative models of OMR have been shown to predict how OMR changes with drive conditions. Neither can they explain the changes in shape that are frequently seen in OMR data for a given device, as the drive voltage and current are changed.
In conclusion, our approach shows that not only does the OMR scale linearly over the range of operating voltages for our devices but also that the observed change in shape of the OMR can be modeled using only two processes which scale independently with exciton concentration. The two primary mechanisms are polaron trapping at triplets and tripletpolaron interaction. Both have been theoretically predicted 1, 37 and the effect of excitons 38 and magnetic field on mobility 38, 39 have been measured independently using the dark injection method. The magnetic field dependence of the polaron trapping processes is identical to the change in efficiency, caused by a change in the intersystem crossing rate between singlets and triplets which could occur at either the excitonic or pair-state level. 40 The magnetic field dependence of the interaction process is also Lorentzian, although measurements to higher magnetic fields will be required to fix the precise value for the saturation field. The observation that the triplet-polaron interaction is Lorentzian is consistent with Ern and Merrifield's work on triplet quenching in anthracene.
